
PART ONE: SCIENCE AND THE “TRIPLE 
CRISIS”

Part One sets out major global problems tackled in this book; in particular, the science of climate 
change and the emissions reductions needed for a more secure and sustainable future:

• First the whole book is summarized; the problems facing humanity are defined and 
definitions are made for the rest of the book;

• Second, the science of climate change is outlined;

• Third, emissions reduction targets, consistent with a prudent approach to risk, are 
recommended.
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THE “TRIPLE CRISIS”1

The solutions outlined in this book address serious global problems in three interconnected 
areas: the economy, our energy supplies and the environment.

Our financial problems are associated with losses leading to capital shortages in the banks, and 
over-indebtedness  in  the  rest  of  the  economy.  Even  if  our  immediate  financial  problems  are 
resolved, the UK and similar countries will still have unsustainable budget and trade deficits. 

These problems will be made worse if, as the economy recovers, oil prices rise rapidly again. As 
fossil fuels become depleted, and if political instability continues, energy insecurity will rise, unless 
prompt action is taken. 

Human emissions of Carbon Dioxide and other greenhouse gases are unsustainable and will become 
even more so, if the world turns to coal and unconventional oil for energy as the oil price rises. This  
leads to 

Other serious issues that need to be born in mind include the threat of diseases emerging as a 
consequence of climate change and the threat of proliferation of biological and nuclear weapons.

The particular focus of this book is the problem of climate change and strategies to reduce 
global  greenhouse  gas  emissions.  Such strategies  at  times  can  also  address  economic  and 
energy security concerns.

1 Author: Stephen Stretton <stephen@stephenstretton.org.uk> Last Updated: 10th March 2010

mailto:stephen@stephenstretton.org.uk


The Economic Crisis
Since mid-2007, there has been a systemic financial crisis affecting modern capitalist economies. 
The 'credit crunch' is a collapse in confidence between banks, as evidenced by the rate at which 
banks are willing to lend to one another2. The problems, now apparent, include:

a) Large losses in some banks leading to an under-capitalized banking system.
b) High levels of indebtedness; possibly not enough cash in circulation in the non-financial 

sector relative to the amount of debt.
c) Massive  government  fiscal  deficits  causing  a  financial  obligation  on future  generations; 

insufficient saving for future pensions obligations.
d) Persistent current account deficits in some countries such as the US and UK.

We are in the midst of a widespread recession. Solutions to climate change, which must include 
large-scale investment in low carbon energy (IEA 2008a), may help us out of these problems. Later 
in the book, I will argue that we could make longer term changes to our tax systems to encourage a 
more efficient, equitable and sustainable economy3. 

The Energy Crisis
Energy demand is  rising rapidly.  There  has  recently been a  crisis  in  the food  (The Economist 
2007)  and energy  (The Economist 2008) sectors, with volatile prices and political instability in 
suppliers of energy. Oil reserves are clearly finite, but significant debate exists as to the imminence 
and importance of the concept of 'peak oil' (Simmons 2005), (IEA 2008b), (BP 2008). If, as seems 
likely, easy oil is unable to fill demand, the price of energy will rise. This rise in prices will induce a 
large  transfer  in  rental  payments  from the  energy  consuming  nations  to  the  energy  exporting 
nations. This is damaging to the interests of the oil importing countries such as the West, India and 
China.  A rise  in  the price  of  oil  will  also encourage much more  damaging forms of  oil  to  be 
developed.

The Environmental Crisis
Every year we release into the atmosphere over 30 billion tonnes of Carbon Dioxide plus large 
quantities of other greenhouse gases (GHGs) such as methane, by burning fossil fuels (coal, oil, and 
natural gas). Our overall emissions are already 5-7 times above the rate at which CO2 is sequestered 
by the oceans, and are still increasing. The elevated concentrations of CO2 and other GHGs have 
two serious effects.

a)  Much of the Carbon Dioxide released into the atmosphere dissolves into the upper part of 
the oceans. This reduces the pH of the ocean, an effect known as 'ocean acidification'. This  
reduced pH is likely to lead to  the dissolution of the exoskeleton of micro-organisms, with 
further knock-on effects on ecology and the global food chain.

b) It  is  well  known  (Arrhenius  1896),  (IPCC 2007a) that  higher  concentrations  of  carbon 
dioxide  (CO2)  will  cause  an  overall  warming of  the  Earth  in  the  'enhanced greenhouse 
effect'. Scientists estimate that an increase in global temperature of 2ºC above pre-industrial 
levels  ('dangerous  climate  change'  (Schnellnhuber  &  Cramer  2006))  would  cause 
widespread serious effects such as the melting of land ice, desertification, and the collapse 
of major ecosystems (IPCC 2007b). In addition, the heating-induced degradation of carbon 
stores such as the Amazon rainforest4 and Siberian permafrost5 has the potential to release 

2 The spread between the rate paid for interbank lending (with credit risk) and that paid for fixed-for-floating swaps 
(without serious credit risk) provides a useful diagnostic of inter-bank trust. For the US experience see: 
http://tinyurl.com/79v4tg (p1) and for the UK http://tinyurl.com/9b986l  (p13).  Note the sharp spike in October 
2008 after the bankruptcy of US investment bank Lehman Brothers.

3 See chapter 3 of this book
4 Adding as much as 100ppm CO2 (Cox et al. 2004), (Cox et al. 2000)
5 (Anisimov 2007) estimates this effect as a modest 100 Mt, or 40 ppb of Methane, leading to an additional 

temperature rise of 0.012 °C. By contrast, Walter et al. (Walter et al. 2006) notes, with concern, the age (40,000 

http://tinyurl.com/9b986l
http://tinyurl.com/79v4tg


further  large  quantities  of  stored  carbon  (in  the  form  of  CO2 or  Methane)  into  the 
atmosphere. In the absence of changes to our present course, within one or two decades we 
would probably be committed to such a temperature rise (den Elzen & Meinshausen 2005), 
(Anderson & Bows 2008).  

Other Issues
The threats and challenges outlined above are serious risks facing humanity. Rees (2003) outlines a 
catalogue of threats and risks facing humanity over the next hundred years, which might cause the 
collapse of human civilization. In addition to climate change, energy insecurity and economic 
instability, two others stand out: disease & biological agents and nuclear weapons.

Diseases and biological agents pose an extremely great threat for two reasons: First, human beings 
are disturbing natural habitats more and more around the world; furthermore climate change 
threatens to disturb ecosystems further. Such changes can lead to the emergence of new diseases. 
Second, scientific advances promise to understand more about the very fundamentals of life. Such 
discoveries risk providing the knowledge needed to create extremely harmful biological agents. 
Third, people travel more often and more rapidly than in the past. An interconnected world spreads 
diseases more rapidly. There are serious implications both good and bad to the increase in human 
connectivity. In the past, humanity has lived in small communities. Now we are living in a single 
'small-world' 6. In the past there may have existed diseases that were both virulent and fatal but 
which destroyed only their host community, and therefore died out. The danger of the present 
situation is that, with the spread of modern communications the 'host community' is now the entire 
world and the evolutionary barrier to extremely virulent and fatal diseases causing widespread harm 
is reduced.

The threat from nuclear weapons is, in my estimation, less serious than that of diseases, but is still 
extremely serious. A few kilograms of weapons-grade nuclear material can cause a nuclear blast. 
The technologies and materials and the know-how for developing nuclear weapons must be 
controlled, so that the world moves towards eliminating nuclear weapons.7

years) of the recently released methane and the overall size of the sink “500 GtC” (similar in magnitude to 
atmospheric carbon) (Zimov et al. 2006).

6  A discussion of the implications of this for the planet can be found in Watts (2004)
7 See http://www.globalzero.org/ for a recent initiative.

http://www.globalzero.org/
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THE SCIENCE OF CLIMATE CHANGE8

The scientific chain of reasoning and evidence for human-induced global warming and ocean 
acidification are outlined. Appropriate responses are discussed.

Warm things emit heat radiation. Warmer things emit more heat radiation. The temperature of a 
planet in a stable orbit, is that which balances the temperature-dependent outgoing heat radiation 
(long-wave or infra-red) with the (approximately fixed) incoming heat from the nearest star – in our 
case, the Sun. In the Earth's atmosphere, various gases (known as 'greenhouse gases') absorb some 
of that outgoing infra-red radiation and re-emit part some back to the Earth's surface, increasing the 
equilibrium temperature of the surface – the greenhouse effect. Some of these gases, such as carbon 
dioxide and methane, exist naturally in the atmosphere, but man's activity has increased their levels, 
creating a global heat imbalance known as the enhanced greenhouse effect. Basic physics therefore 
predicts that the Earth's temperature will increase over time until the net radiation is again in 
balance – anthropogenic (human-induced) global warming (AGW). Every year, humanity adds (a 
currently increasing) quantity of greenhouse gases to the atmosphere through the burning of fossil 
fuels, land use change, industry and agriculture, raising further the concentrations of greenhouse 
gases, and therefore the increasing further the heat imbalance (known as 'radiative forcing'). 

The total response of the earth system is enhanced by various 'positive feedbacks' (amplifications), 
including 'fast feedbacks' over days (associated for example with the additional water vapour held 
by warmer air) and 'slow feedbacks' over decades (associated with temperature-induced changes to 
the albedo (reflectivity) of the Earth and the carbon cycle). Simple physical systems often exhibit 
dominantly negative feedback in response to small perturbations (forcings) but positive feedbacks 
may become more dominant once a threshold ('tipping points') is passed. It is possible that the 
global climate system exhibits similar behaviour, with cyclical and chaotic behaviour too.

Human activity also exhibits various inertias (for example associated with sunk investment in 
energy infrastructure) analogous to the 'stopping distances' associated with halting a car on a 
motorway in response to stationary traffic ahead. A driver of a car must look ahead to see an 
upcoming hazard and respond in advance of meeting it. Analogously, an appropriate response to the 
threat of human-induced climate change needs to foresee the threat and respond in advance, 
avoiding the danger. 

The ultimate objective of the United Nations Framework Convention on Climate Change 
(UNFCCC) signed at the Rio Earth Summit' and ratified by 192 nations, including the United States 
and China (UNFCCC 2007), is “stabilization of greenhouse gas concentrations in the atmosphere at 
a level that would prevent dangerous anthropogenic interference with the climate system” (U.N. 
1992). After advice from scientists on the threats associated with global warming (including the 
melting of the Greenland ice sheet, and the possibility of temperature-induced methane or CO2 

release from carbon sinks) and the acidification of the oceans, governments have agreed to aim to 
limit global temperature rises to less than 2 Celsius above the pre-industrial level (UNFCCC 2009). 
For a likely chance of meeting this '2 degrees target', concentrations of greenhouse gases in the 
atmosphere must be stabilized at close to or below current levels. To achieve this, emissions of 
greenhouse gases should  be reduced rapidly to below the rate at which they are absorbed by natural 
systems. 

To preserve the climate in which human civilization has developed and prospered, it is 
necessary to move rapidly and globally to a net-zero carbon economy.

8 Author: Stephen Stretton <stephen@stephenstretton.org.uk> Last Updated: 10th March 2010
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Climate Physics
Introduction
In this section, the basic physical science9 behind climate change is explained10:

1. The reasons why certain gases keep the earth warmer than it would otherwise be;
2. How elevated concentrations of these 'greenhouse gases' will warm the planet further.

There are three additional factors which complicate our attempt to understand the Earth system:
3. The temporary dimming effect of some of our other pollution;
4. Various positive and negative feedbacks, which tend to dampen and accentuate the effect of 

greenhouse gases;
5. The thermal inertia and consequent lagged response of the climate system.

Introducing the Earth
The Earth is a ball of rock with diameter 12,750 km and circumference 40,000km11. It lies in space, 
150 million km from our nearest star, the sun12.

The sun emits approximately 3.9 x 1026 Watts of electromagnetic radiation (heat, light, etc.).13

This amounts to an incident radiation intercepted by the Earth's cross-section area πr 2 of about14

S = 1370 Wm-2 

The Earth's albedo, A, is the proportion of this energy which is directly reflected back 
(approximately 30%). 
A = 0.3

The earth's total surface area 4πr2 is four times the Earth's cross section, and so the average heat 
radiation incident on the Earth's surface is:
Htotal = ¼S = 344 Wm-2

Once we account for the Earth's albedo, the total absorption is: 
Hinput = ¼S (1-A) = 240 Wm-2 

The light which is not reflected is absorbed by the Earth's surface and re-emitted as longwave 
radiation, such that the planet is in overall thermal equilibrium with the rest of the universe.

9 A more complete discussion might start from a description of the whole climate system (including transport of heat 
via atmospheric and oceanic circulation etc, as well as radiation), and the variations in global temperature etc. which 
are produced by solar/oceanic/volcanic etc. variation. We would then aim to discern the effect of CO2 on this 
complicated system.

10 We follow Archer (2007) also with some reference to Taylor (2005). For a more in depth treatment (also dealing 
with the climate of other planets) please see Pierrehumbert (2010).

11 The technical name is an 'oblate spheroid', or 'a slightly flattened sphere' meaning that the earth is slightly more wide 
than it is tall. The diameter average is 12,742 km across. The spin of the planet causes the equator to bulge out 
further than the poles. Measured from pole to pole, the diameter of Earth is 12,713 km across. And measured across 
the equator, the Earth's diameter is 12,756 km across. In other words, points on the equator are about 21 km further 
from the center of the Earth than the poles. The Earth's Circumference = π* Earth's Diameter ≈ 3.14*12,750km ≈ 
40,000km. See Universe Today (2009a).

12 1AU or 149,597,870km on average (UniverseToday 2009b).
13 The sun has an effective temperature of about TSUN=5780K giving the power output 390 million ExaWatts (Taylor 

2005). The cross sectional area of the earth of radius r is πr 2 = 3.14*6375 2 = 127.6 million km 2. The area of the 
sphere at the earth's distance from the sun (R) is 4π R 2  = 4*3.14*(1.5x108)2 = 2.81x1017 km2.

14 Following Gill (1982, p.3). Compare Archer (2007, p.21)



What Would The Temperature of the Earth Be Without the Greenhouse 
Effect?

A body that emits all frequencies of light is known as a 'black body'. The Earth can be treated as a 
black body with albedo of 0.3 (Archer 2007). The heat out is given by H out=T E

4

The total energy radiated from the Earth is given by15 Eout=4REarth
2 T E

4 (1)

For equilibrium this must be equal to the energy coming in from the Sun: 
E input=1−ASREarth

2 (2)

From equation (1), the effective temperature of the Earth should be T E=
E input

4 REarth
2 


1 /4

Substituting equation (2) for EE, gives T E=
1−AS

4

1 /4

Substitution of numerical data for: Albedo A: 0.3; Solar constant S: 1370W/m2 and σ, 
gives a predicted temperature of 255K or -17°C for an earth without an atmosphere. 

The actual temperature of the earth is 287K or 14°C 16. What explains the difference?

The 'Greenhouse Effect'
Some of this re-emitted longwave (infrared) radiation is absorbed by certain molecules in the 
Earth's atmosphere leading to the 'greenhouse effect'.17 

15 See Wikipedia (2009)
16 It is clearly a simplification to summarize the Earth's temperature by a simple average, but as Archer (2007, p.55) 

points out, since the range of temperatures seen on earth is small compared to the absolute temperature, the black 
body energy flux curve as a function of temperature can be approximated by a straight line.

17 Figure taken from IPCC (2007a)





It is known  that greenhouse gases such as carbon dioxide and methane absorb heat re-emitted by 
the Earth, trapping the heat on the surface, just like the panes of glass in a greenhouse trap the heat 
inside. 

The absorption bands in the infrared of gases such as Carbon Dioxide (CO2) and Water (H2O) are 
associated with 'bending' of the molecular structure (see arrows). Such bending resonances only 
exist for molecules with three or more atoms. The majority of the atmosphere is composed of 
diatomic molecules such as Nitrogen and Oxygen, which do not therefore act as greenhouse gases.

O
H

H
Water (H2O) 
molecule Carbon Dioxide 

(CO2) molecule

C O

O



The specific resonances that are in the centre of the infrared spectrum (below) are 'bending 
moments'  associated only with molecules that have more than two atoms (above). The absorption 
spectrum of the Earth's atmosphere shows the absorption of carbon dioxide at 650 cm–1 (15 mm) 

and water18.

What would the temperature be with a 100% effective greenhouse?
We can make a simple 'slab' model of the Earth, such that the expected temperature would be19:

42∗255=303K=31Celsius

It is difficult to determine from first principles what the temperature of the modern earth with 
greenhouse gas concentrations undisturbed by human intervention. However, we already know the 
answer to that question: the temperature of the earth before industrialization was approximately 
13.7 Celsius.

How has human activity altered the Greenhouse Effect? 

Radiative forcing is a measure of how the energy balance of the Earth-atmosphere system is 
changed when factors that affect climate are altered. It measures the initial effect of the greenhouse 
gases on the Earth's heat balance, excluding the feedbacks and increased heat outflows associated 
with increased temperatures20. 

The first calculations of this question were made by Svante Arrhenius (1896). Arrhenius measured 
the absorption of the atmosphere by observing the moon's reflection of Earth's radiation. Through 
his keen observations he was able to deduce that A) the absolute warming (or cooling) that would 
take place from doubling (halving) the concentration is equal – in other words equilibrium 
temperature is proportional to the logarithm of the concentration of carbon dioxide.21

18 Left: model results from Archer (2007). Available at: http://geodoc.uchicago.edu/Projects/modtran.doc.html      
19 See Archer (2007). On the Kelvin temperature scale 0oC=273.15K. Further simple models of the earth's warming are 

available from Real Climate blog: see Schmidt (2007)
20 Radiative forcing is defined as follows (IPCC 2007a): “The radiative forcing of the surface-troposphere system due 

to the perturbation in or the introduction of an agent (say, a change in greenhouse gas concentrations) is the change 
in net (down minus up) irradiance (solar plus long-wave; in Wm-2) at the tropopause AFTER allowing for 
stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric temperatures and 
state held fixed at the unperturbed values. ”

21 A sketched physical motivation follows:
We approximate the absorption at different wave numbers to follow an exponential distribution around a core wave 

number and  assume that the absorption is proportional to the concentration of carbon dioxide until saturated, i.e.:
y = f(n) if f(n)<1 and 

http://geodoc.uchicago.edu/Projects/modtran.doc.html


“The radiative forcing for pure CO2 is approximated by RF = αln(C / C0) where C is the present  
concentration, α is a constant, 5.35, and C0 the pre-industrial concentration, 278 ppm...”22

Since they are present in much smaller quantities than CO2, the radiative forcing associated with 
other well mixed greenhouse gases is approximately proportional to the concentration of those 
gases (rather than to the logarithm of the concentration). 

The radiative forcing of all greenhouse gases can be translated into an 'Equivalent Carbon Dioxide' 
value CO2e:  “...The value of CO2e for an arbitrary gas mixture with a known radiative forcing is  
given by C0exp(RF / α) in ppmv.”  (IPCC 2001).

Conclusions for Temperature Change
The outgoing heat flow can also be determined from the Stefan Boltzmann law. H out=T E

4  
Differentiating this equation gives:

dH out

dT
=4T E

3=4
H out

T

At thermal equilibrium Hout=Hinput =  240Wm-2

dH out

dT
=4

H out

T
=4∗240

287
=3.36W /m2 K 

For small changes in the temperature, we can assume that 

H out T 0T ≈H out T 0T
dH out

dT

where H input perturbed ≈H input  preindustrial RF

1 if f(n)≥1
where f(n)=a.C.e-|n-n0|

and n is the wave number; n0 is the centre of the peak; C is the concentration; a is a constant

The radiative forcing at different frequencies is approximately equal to the integral over all wave numbers. Letting f-

1(x)=-Ln(x/(aC))+n0 and neglecting the area with f(n)<1, the total area of absorption large A is approximately 
RF = 2f-1(1)=2Ln(aC)=bLn(C)+d
RF=bLn(C)+d
where b and d are constants; RF is radiative forcing and C is the concentration of carbon dioxide.

22 Alternatively RF  = 3.7*log2 (C / C0)= 3.7*ln(C/C0)/Ln(2)

Radiative Forcing Due to 
Carbon Dioxide (CO2)

Radiative Forcing Due to 
Methane (CH4)



and H out T 0=H input  preindustrial 

Assuming no feedbacks, this implies:

dRF
dT

=
dH out

dT
=3.36W K−1 m−2

or dT
dRF

= 1
dH out

dT

=0.3K W −1 m2

This can be compared to the instantaneous sensitivity to solar irradiance (see below).

Implications for Climate Sensitivity

T equilibrium=a log C 
(Where C is the concentration of Carbon Dioxide in ppm.)or

T equilibrium –T preindustrial=Z . log2
C

C preindustrial


(Where the logarithm is taken to base 2,  Cpreindustrial  is the concentration of Carbon Dioxide before  
industrialization = 278 ppm where Z is the climate sensitivity measured in K increase for a  
doubling of CO2)
or

T equilibrium –T preindustrial=
Z

ln 2
∗ln  C

C preindustrial


Climate sensitivity Z is defined as the equilibrium warming for a doubling of CO2. 

T= dT
dRF

RF=5.35 ln  C
278

= dT
dRF

∗4 ln 2
C

278
=Z ln2

C
278



Z=4∗ dT
dRF

=4∗0.3=1.2

For a dry greenhouse with only CO2, the temperature should increase by approximately 1.2 
Celsius for a doubling of pre-industrial CO2  concentrations.

The Role of the Sun 

Total solar irradiance (TSI), varies on a roughly 11-year cycle by about 0.07% (Camp & Tung 
2007) or about 0.2W/m2 on total heat inflow of Hinput = 264 Wm-2.









Camp and Tung (2007) found that global temperature was correlated with Total Solar Irradiance 
(TSI) with a rise of 0.18 ± 0.08K per Wm2  of radiative forcing or 4*0.18/(1-0.3)=1.03K per Wm-2 
of absorbed radiation.

Instantaneous Climate Sensitivity

This value  of 1.03 ± 0.46 K per Wm2 can also be compared with the CO2 only full sensitivity of 
0.3K per Wm2 and the standard model-estimated sensitivity (IPCC 2007a)of around 0.75 K per 
Wm-2.
Unfortunately, however, life is not that simple. There are further  complications which limit the 
accuracy of our models and also limit the information that we can deduce from observations of the 
world.

Complication One: Global Dimming

In addition to the effects of carbon dioxide, methane (CH4) nitrous oxide (N2O) and halocarbons 
(the main greenhouse gases)23, there are other influences on the Earth's climate. These include 
ozone, stratospheric water vapour, surface albedo contrails; the net effect is small and uncertain. 

Much of the warming effect is being offset by the other pollution that we emit, including aerosols 
such as sulphur dioxide. Aerosols are thought to dim the planet by approximately 1.2W/m2, 
reducing the effective greenhouse gas concentration by about 90ppm CO2

e.

They cause dimming both directly and because they act as condensation nuclei for clouds. The 
second effect is highly uncertain, with the uncertainty as great as the purported effect. Nevertheless, 
evidence that it is a real effect can be found from the clouds that can be seen in the wake of ships 
sailing on the open ocean (Archer 2007).

23 The six gases (CO2, CH4, N20, SF6, HFCs) mentioned in the Kyoto protocol; plus CFCs (which are regulated under 
the Montreal Protocol)



Overall Contributions to Radiative Forcing
The contribution to radiative forcing of various gases is described here (IPCC 2007a).

Complication Two: Lag in the Oceans
There is expected to be a lag in response to carbon dioxide to do with the thermal inertia of the 
oceans.  A simple estimate for the lag in the oceans can be calculated by looking at the temperature 
profile of the oceans.

Forcing from above is expected to increase the upper ocean temperature. Global warming is 
unlikely to change the qualitative structure of the oceans' temperature gradient: therefore, by 
symmetry, climate change  is likely either to increase the gradient of the ocean thermocline as 
shown below (Houghton 2004).

Depth

Temperature

750m

~4ºC ~25ºC

Thermocline



Using this simple model, a heat capacity can be calculated, of approximately 30 years24. This can be 
compared to model estimations (Cess & Goldenberg 1981) of about 20 years. 

These approximate estimates can be compared to the climate response found from a General 
Circulation Model (Hansen et al. 2007). 40% of climate response happens within 3 years; 60% 
within 100 years and it takes 1500 years for 95% of the response to have taken place.25

24 Author's calculation based on a wedge of water from zero to 750m deep.
25 Assuming Camp & Tung's (2007) results, we might expect that our best guess for climate sensitivity is around 

(0.18/0.4)=0.45 K per Wm2, or around 1.8K per doubling. This excludes, however, the longer-term, mostly positive 
'slow' feedbacks.





Feedbacks and Systemic Effects
A complex physical system such as the earth's climate contains both negative and positive 
feedbacks. 
The outputs (e.g. Temperature) of a system responds to inputs (e.g. Greenhouse Gas 
Concentrations). If the outputs then affect the inputs to the system in some way, then we have a 
feedback. There are two basic types of feedback, negative and positive26

A negative feedback (or natural stabilizer) is a feedback which acts to counteract the original 
change. Negative feedbacks are good if we want a stable life!

A positive feedback is one that tends to accentuate the original change. Positive feedbacks 
themselves are of two general types: 

Complex systems tend to have both positive and negative feedbacks. For small perturbations, 
negative feedback effects may dominate; otherwise the system would not persist at this point. 
However, such systems may have a 'tipping point' past which the positive feedback effects may 
overwhelm the negative feedback loops.

Complication Three: Fast Feedbacks such as Water Vapour and Clouds
Carbon dioxide is not the only three-atom molecule present in reasonably large abundance in the 
earth's atmosphere. Water vapour is also extremely abundant, and furthermore, absolute humidity 
rises with temperature. 

Furthermore, we know the rough magnitude of the relationships involved. As Arrhenius pointed out, 
the relative humidity will stay roughly constant as the temperature increases. Increases in the 
concentration of CO2 will therefore also increase the level of absolute humidity (For every degree C 
of warming the absolute amount of water vapour should go up by about 6%) (Wexler 2007).

Influence of Climate Feedbacks
The relative importance of various climate feedbacks is available in the IPCC report, figure 8.14. 
This diagram shows that water vapour is the most important positive feedback in determining the 
basic climate sensitivity; as the world warms, the atmosphere's absolute humidity will rise, trapping 
more heat (since water vapour is a greenhouse gas).

26 Note that 'negative' refers to the effect of the feedback on the system, not on the desirability of the outcome. For the 
climate system, negative ones tend to be helpful and the positive ones unfortunate.



Modelled Climate Sensitivity
The sensitivity of the climate is the temperature rise that can be expected at thermal equilibrium27 
for a doubling of CO2. This has been assessed by various studies, creating probability distributions. 
It is clear that there is a very wide range of expected assumptions, with vary radically different 
prognoses for the future of the climate.

27 Some may say that the earth is a chaotic system and not a system in equilibrium. This fails to note that the Earth, 
despite fluctuations, nevertheless has had a reasonably well defined climate over periods of thousands of years. 
Another might be that the Earth may never settle down; once pushed by some perturbation, it will continue to 
evolve, increasing in temperature, without further perturbation. There are some arguments for this view and they 
tend to argue for a high climate sensitivity and/or a long lag.



All the studies seem to agree that the sensitivity is more than 1 Celsius and less than 9 Celsius! 
These are quite different! A sensitivity of 9 Celsius would be a guaranteed catastrophe for mankind 
and the existing biosphere, unless we can get concentrations down to pre-industrial levels. A 
sensitivity of 1 Celsius would mean that there is less urgency for tackling climate change, although 
we might still want to stabilize Carbon Dioxide concentrations quickly, to prevent widespread 
ocean acidification.28

The reason it is so difficult to constrain the climate sensitivity is shown on graph (c) below. With 
higher climate sensitivities, there is a greater lag, making it difficult to tell whether a temperature 
observation is associated with a low sensitivity and a small lag or a large sensitivity and a large lag.

28 If this reason is viewed as inadequate there are economic, geopolitical, and safety issues associated with fossil fuel 
extraction and the depletion of gas and oil reserves, which nevertheless motivate getting off fossil fuels. One way to 
do this is a carbon tax; this is a relatively efficient tax, so for independent economic reasons we may wish to use this 
as a source of government revenue. It's possible that none of these arguments convince you; but nevertheless, I 
would argue that the balance of benefits opposed to risks suits action of this type.



Additional Positive Feedbacks & 'Equilibrium Climate Response'
Various potential positive feedback systems have been identified for the earth. For example: 

• The melting of ice leads to a change in the colour of the earth’s surface from a reflective 
white, to black, which absorbs more heat.

• Biological systems cannot cope with temperatures above a certain point, nor if temperatures 
change rapidly; release of biologically sequestered carbon therefore appears likely.

• Global warming may cause the collapse of rainforest ecosystems already ravaged by 
deforestation, releasing much stored CO2 (Cox et al. 2004).

• There are large stores of Siberia in permafrost. This permafrost may melt releasing methane 
(a greenhouse gas); similarly there are further sources of methane on the sea 
floor(Burroughs 2001).

• Whilst moderate climate change (e.g. 1°C) therefore may be counteracted by various natural 
systems, large climate change (>2°C) may well be dangerous.

It should be noted that the main climate models do not include all of these effects. Therefore it has 
been suggested (Bettis 2009) that we should use a new term, Equilibrium Climate Response, to refer 
to the whole Earth-system response to human input of greenhouse gases. 

Towards a Conservative Estimate for the Equilibrium Climate 
Responses

Conservative means two different things 'not speculative' and 'playing safe':
• A 'non-speculative' assumption from the point of view of science might be 'reasonable' or 

'mid-range'; this in a sense is a lower band: 'the sensitivity could be higher but we don't know 
that for sure'.

• A 'playing safe ' assumption from the point of view of a proper approach to action; in this 
case either the 'Prudent' or 'Risk-Averse' assumptions seems to be more valid.

I will label different assumptions according to this definition, below:



How Sensitive Is The Climate?
The following table gives some plausible numbers for the sensitivity of the climate.
Scenario Climate 

Sensitivity 
(committed 
temperature 
rise at 
550ppmCO2
e)

Climate 
Sensitivity 
(KW-1m2)

Feedback 
Assumption / 
Comments

As Scientific 
Scenario, how 
plausible is 
this?

RF under 
2C

Stabilization Level 
of GHGs to avoid 
equilibrium 
temperature rise of 2 
Celsius above 
preindustrial (time 
reached)

Actions 
Needed

As a 'certainty 
equivalent' 
assumption to 
guide action 
how prudent is 
this?

Reasonable29 2.2ºC 0.6 IPCC but with 
assumption of 
zero cloud 
feedback. Most 
likely short-term 
sensitivity based 
on current 
observations – 
but ignores 
possible positive 
feedback?

Plausible, and 
consistent with 
observations.

3.33 520ppmCO2e 
(reached by 2035 at  
current rate)30

~50% global 
reduction by 
2050 (~80% 
reduction in 
developed 
countries – 
cap and 
trade?)

Very risky; 
>50% chance of 
failure. 
Significant >5% 
risk of 
catastrophic 
(>5) outcome

Mid-range 
(IPCC)31

3ºC 0.75 Water Vapour + 
Lapse Rate + 
Albedo + 
Clouds(Assumed 

Positive)32

'Best guess' 
from IPCC 
models; 33

2.67 460ppmCO2e 

(reached by 2015 at  
current rate)34

Immediate 
carbon tax of 
£100/tCO2 

Carbon-free 
energy by 
2030 or halt 
deforestation

Risky; However 
balance between 
what is feasible 
and the risks 
taken?

Prudent 
Assumption

3.7ºC 1 Mid-range-IPCC 
plus  positive 
carbon cycle 
feedback (Cox & 
Scheffer 2005)

Plausible if best 
guess  IPCC 
assumption is 
augmented by 
carbon cycle 
feedback.

2 40035 Immediate 
carbon tax of 
£100/tCO2; 
100% 
Carbon-free 
energy by 
2030 and halt 
deforestation

Still faces risk; 
Current effects 
(e.g. ice melt) 
may still persist, 
potentially 
seeding long

Risk-averse 
Assumption

6ºC 1.5 Full-system 
effects including 
interacting 
positive 
feedbacks from 
ice-albedo, 
methane release, 
and carbon cycle; 
(Hansen 2008) 

Plausible if 
feedbacks are 
positive and 
interact. 
Consistent with 
paleoclimatic 
data

1.33 35036 Immediate 
carbon tax 
>£100/tCO2; 
100% 
Carbon-Free 
Energy by 
2030; 
Increase in 
forest size; 
(Plus: 
Capture of 
CO2 from 
Air? Geo 
engineering?)

Mostly Safe, 
avoids seeding 
catastrophic 
effects.

Safe 280 Stop Using 
Fossil Fuels
Reforest the 
Globe

Safe

29 'Reasonable' assumption. This is the IPCC result but with an adjustment to assume zero cloud feedback rather than a 
net-positive cloud feedback, giving a sensitivity of 0.6Wm-2K-1. Consistent with observations, under the assumption 
of small lags (low heat capacity) and low aerosol albedo effects. 

30 Taking into account Carbon Dioxide only, 520ppm CO2 only would be reached around 2050.
31 Consistent IPCC midrange; also output with Hansen model.
32 i.e. cloud feedback assumed to be positive, an assumption which is contested by some scientists; although see 

Houghton for a rebuttal of Lindzen's claims.
33 Cloud feedback assumption shaky?
34 Taking into account Carbon Dioxide only, 460ppm CO2 only would be reached around 2030.
35 Taking into account Carbon Dioxide only, 400ppm CO2 would be reached around 2020.
36 We have already passed this concentration, even including Carbon Dioxide only. It may be feasible if the world 

moves to a zero carbon economy and forests around the world are regenerated.



The Carbon Cycle and Ocean Acidification
By burning coal, oil, and gas on an enormous scale, destroying forests and using intensive  
agriculture, we are polluting the atmosphere about seven times faster than oceans can remove the  
pollution. 

Introduction
What is Carbon Dioxide?
Carbon Dioxide (CO2) is the most important greenhouse gas, responsible for causing global 
warming. It is emitted when we burn fossil fuels such as coal, oil and natural gas. Fossil fuels are 
the remains of plant and animal life laid down over millions of years which at present rates will be 
used up over the course of a few centuries. Fossil fuels contain carbon, which combines with 
oxygen in the air to produce carbon dioxide when burnt.

Stocks of Carbon
Where is the carbon located - and what form does it take?

• Fossil Fuels: stores of fossilized plants and animals in coal, oil, gas and peat - pure carbon 
and hydrocarbons - compounds containing carbon and hydrogen.

• Atmosphere: thin as a shell across the earth containing small quantities of carbon dioxide.
• Land Biomass (vegetation, soil and detritus): containing plants, soils and other biomass - 

cellulose and other compounds containing carbon hydrogen and oxygen.
• Oceans - carbon dioxide, which forms carbonic acid in water; carbonate and bicarbonate 

ions. Split into:
◦ Shallow Oceans – In direct contact with the atmosphere
◦ Intermediate & Deep oceans –

• Rocks: such as limestone - primarily calcium carbonate (CaCO3).

The total carbon content in Gigatonnes of Carbon (GtC) is shown in the Figure 7.3 from the latest 
IPCC report.



Flows of Carbon
Fossil Fuels to Atmosphere 

How much carbon do we release through the burning of fossil fuels?
We burn 7.2 billion tonnes of carbon per year (GtC/yr) in fossil fuels37, (IPCC 2007c, p.3). To put 
this in context, this is equivalent to a cubic mile of oil (Goldstein & Sweet 2007), or to a forest the 
size of Western Europe38.

Land Biomass to and from Atmosphere
How much carbon do we release through the burning of forests and other land use processes?
By processes such as deforestation, we burn around 1.6 billion tonnes of carbon per year (GtC/yr) 
in trees and other land biomass39. 

How much carbon does the land take in?
The land absorbs around 2.7 billion tonnes of carbon per year (GtC/yr)40.

What is the overall effect?
The net flow of 0.9 billion tonnes of carbon per year (GtC/yr)41.

What is the overall prognosis for the land biosphere?
The long term fate of the land biosphere will depend on multiple processes, such as land use and 
global warming. As the globe warms, carbon will be released from the land biosphere. Since carbon 
stored in the biosphere is there only temporarily, it may be best to consider it as a net sink of 
greenhouse gases.

How should we consider the flows to the land?
The flow to the forests cannot be considered sustainable on a human time scale of a century (since 
although carbon is taken from the atmosphere to the land with CO2 fertilization; this flow may 
reverse with global heating).

Since the flow of carbon to the land biosphere is influenced by human activity, it would be best to 
consider the land biosphere as primarily a stock. We should look at ways of permanently increasing 
the total amount of carbon stored in the biosphere, by preventing deforestation, leaving land to 
return to forest.

37 This amounts to 26 billion tonnes of CO2 per year emitted into the atmosphere.
38 Forests contain approximately 20 tonnes per hectare or 2000 tonnes per km2; our fossil fuel consumption (about 7 

Gigatonnes of Carbon per year) is therefore equivalent to a forest about 3.5 million square kilometers 
(approximately the size of Western Europe) being burnt every year.

39 Land use changes release around 5.9 billion tonnes of CO2 per year.
40 Land takes in about 9.5 billion tonnes of CO2 per year.
41 Overall, there is a net sequestration of 3.6 billion tonnes of CO2 per year



Atmosphere to Oceans
How do the oceans sequester CO2?
The upper oceans dissolve CO2 in water. The top of the ocean (the 'mixed layer') is in instant 
equilibrium with the atmosphere; however, it can only absorb a small amount of CO2. 

Chemical Reactions
In dissolving CO2, the upper oceans become less alkali (a process known as 'ocean acidification'):
CO2 (g)+H2O ↔ CO2 (aq) + H2O ↔ H2CO3 (aq) ↔ HCO3

-
(aq) + H+

(aq)

The oceans can absorb quite a lot of CO2 because of the action of the carbonate/bicarbonate 'buffer':
H2CO3 + CO3

2- ↔ 2HCO3
- and so the total stock of carbon stored in the ocean is quite large.

The Solubility Pump(Takahashi et al. 1993, p.844)
It is the flow from the upper oceans to the lower oceans that is the basic determinant of the amount 
of CO2 sequestered by the oceans. This is the 'rate limiting step', to use the chemistry jargon.

The solubility of CO2 in cold water is twice that of warm water (about 3kg/m3 at 4°C compared to 
1.45 kg/m3 at 25°C)42. As water moves from the tropics to the poles it therefore absorbs more CO2. 
When this water falls in the thermohaline circulation (THC) it therefore takes the CO2 with it. 
Before industrialization, the downwelling of the CO2 was balanced by upwelling in the tropics. 
However, now the water that is falling has a higher concentration than that which is upwelling. This 
is because the conveyor-belt takes a few thousand years to fully turn (see figure right). 

42  1.45 g/L = 1.45 kg/m3  since  1000L = 1 m3





How Sustainable is the Solubility Pump?
Since downwelling is proportional to the current atmospheric concentration of CO2 and upwelling 
proportional to the preindustrial concentration, the rate of the thermohaline solubility pump is likely 
to be approximately equal to: (Current Concentration of CO2) – (Preindustrial Concentration of 
CO2)

Flows 
Flows of CO2 into the  

atmosphere
Fossil Fuel Combustion Burning Forests & Soil  

carbon release
Ocean Upwelling Limestone Creation

Flow From Fossil Fuels 
(Hydrocarbons) to 
Atmosphere (CO2)

From Land biomass 
(organic Carbon) to 
Atmosphere (CO2)

From deep oceans (CO2) 
to surface (CO2)

From Ocean 
(Bicarbonate) to Rock & 

Ocean (CaCO3 plus 
CO2) 

Explanation Extracting coal oil and 
gas; combustion in air

Burning of forests 
releases carbon; 

additionally, soils release 
carbon  through natural 

processes (may 
accelerate with global 

warming)

Deep ocean water, rich 
in CO2 up wells in 
tropics, warms and 

releases CO2; however 
because it is 'old' it 

contains less CO2 that 
that which downwells.

By organisms dropping 
to sea floor

Quantity of Flow +7GtC/year ( + PreindustrialY1
43) 

+2GtC/year
( + PreindustrialX1 )44 +0.2GtC/year45 

Feedback (Negative 
counteracting climate 

change; positive 
accentuating it)

Positive (air 
conditioning demand; 

war) and Negative 
(heating demand; direct 

global warming concern)

Positive (increased 
temperatures lead to 

increased respiration in 
soils and increased 

dessication/burning of 
forests and peat)

Positive (increase in 
temperature could cause 
stratification of ocean 

and shutdown of 
thermohaline 
circulation)

Negative (acidification 
reduces creation of 

limestone)

Flows of CO2  out of the  
atmosphere

Fossil Fuel Creation Afforestation and Soil  
carbon sequestration

Ocean Downwelling Limestone Weathering

Flow From atmosphere or 
oceans (CO2) to rock 

(hydrocarbons)

From Atmosphere (CO2) 
to Land Biomass 
(organic Carbon) 

From surface (CO2) to 
deep oceans (CO2)

From Rock & Ocean 
(CO2 plus CaCO3) to 
Ocean (Bicarbonate)

Explanation Microorganisms 
dropping to sea floor; 
laying down of new 

Growth of plants; further 
afforestation or 

reforestation

Because downwelling 
water is cold, it contains 

a lot of CO2; 

In land rocks or on 
seabed

43 Preindustrial land biomass flows in approximate balance i.e.: Y1 = Y2

44 Preindustrial ocean flows in approximate balance i.e.: X1 + X3 + X5= X2 + X4

45 CO2 only. Also same amount of CaCO3; so total flow of Carbon from bicarbonate to CO2 and CaCO3 is twice this 
figure.



peat; biochar. additionally, because it 
is recently mixed it 
contains more CO2

Quantity of Flow Less (in absolute terms) 
than -0.1GtC/year

( - PreindustrialY2 )
- 3GtC/yr

( - PreindustrialX2 )
- 2GtC/yr

-0.2GtC/year

Feedback (Negative 
counteracting cc; 

positive  accentuating 
it)

Slightly positive Negative (CO2 

fertilization)
Negative (acidification 
increases weathering)

Additional flows 
between the shallow 

and deep ocean

Organic Matter Forming,  
Dropping and Rotting

Net Upwards Diffusion & 
Bubbling

Limestone Forming, Dropping 
and Redissolving

Effective Flow CO2 from shallow ocean (CO2 → 
organic carbon plus oxygen) to 
deep ocean; (organic carbon → 
CO2 minus oxygen); Oxygen in 

reverse direction

CO2 from deep oceans to shallow 
oceans

Bicarbonate from shallow oceans 
(2HCO3

-→ CaCO3 + CO2+H2O) 
to deep oceans 

(CaCO3 + CO2+H2O→ 2HCO3
-); 

CO2 from deep oceans to shallow 
oceans.

Explanation Part of 'biological pump'??? Simple diffusion or CO2 bubbles 
rising

Part of 'biological pump'???

Quantity of Flow +PreindustrialX3 +PreindustrialX5 -PreindustrialX4

Feedback Negative (Fertilization) or 
Positive (Acidification)

Positive? (Increased windiness 
increases diffusion rate)

Negative (acidification reduces 
creation of limestone)

Overall Effects
How much do our emissions raise the concentration in the atmosphere?
With approximately half the emissions of carbon dioxide taken up by the oceans and land, the net 
flow into the atmosphere is approximately 4.1GtC or (15GtCO2) (IPCC 2007a Chapter 10). One 
gigatonne of CO2 is equivalent to 0.128ppmv CO2. So our current net CO2 emissions flow (15 
Gigatonnes of Carbon Dioxide) is equivalent to approximately and this is the approximate present 
growth rate of CO2 in the atmosphere (2ppm).  Overall, the atmosphere concentration of CO2 has 
risen from 280 ppm (pre-industrial times) to 380ppm (recent measurement).(Engineering Toolbox 
2008).

What level of emissions might be sustainable?
What is the level of emissions that would allow concentrations of carbon dioxide in the Earth's 
atmosphere to stabilise? About 7 billion tonnes of CO2 (–2.2 ± 0.5 GtC) (IPCC 2007a, p.516) are 
mixed by the oceans each year  – approximately one tonne of CO2 per person on earth(CIA 2008). 
This is the maximum that we can emit in a sustainable way: globally (2004) we are six times over 
budget. We need to get down to about 1 tonne of CO2 per person per year.

Conclusion
To stabilize global concentrations of carbon dioxide, CO2 emissions from fossil fuels must fall 
to approximately 7 Gigatonnes of CO2 per year (2 Gigatonnes of Carbon per year).



Observed Greenhouse Gas Concentrations and Global Warming
Greenhouse Gas Concentrations
Current atmospheric concentrations of greenhouse gases are equivalent to 383ppm CO2 only or 
430ppm CO2

e
 (Tans 2010), rising at about 3ppmCO2e/year. The rate of growth of emissions is still  

increasing, as shown by countries such as China (building 2 coal power stations per week).

Source: Adopted from Stern (2006)

Expected Temperature Rises
Temperature rises of +0.7C above the pre-industrial level have been observed already. Some of the 
warming effect is being masked at present, but even at current levels we are seeing very dramatic 
warming at the poles. with approximately the same temperature rises in the pipeline. 

In order to have a 50/50 chance of stabilizing global average temperatures at 2oC above the pre-
industrial level, greenhouse gas concentrations have to be stabilized at approximately current levels. 
A rapid reduction in global greenhouse gas emissions can have a high chance of achieving this 2 
Celsius target. 

Doubling (550ppm CO2e) will lead to a temperature rise of 3oC above the preindustrial from fast 
feedbacks alone; potentially 6oC if 'slow feedbacks' are included, (Hansen et al. 2008)

Emissions

Time

Delaying emissions 
reductions for a decade 
implies both additional 
emissions and a longer time 
needed to reduce emissions 
to sustainable levels; both 
contributing to increased 
cumulative emissions.

A twenty year delay (figure) 
induces approximately 1 
Celsius more warming.2010 2050 2070



Quadrupling (1100ppm CO2e) by end of century would lead to at least 6oC of warming.

Observations of Temperature Rise
The following graph gives the global average temperature according the the IPCC. The trend over 
the last 25 years has been an increase in global temperatures of 0.18oC per decade.

Assessing the IPCC Climate Models
One simple way to assess the models we have of the climate is to compare their predictions to what 
has been observed (see the predictions of the previous IPCC assessment reports, along with 
observations of the global temperature). It can be seen that the observations of global average 
temperature are on the lower bound of the First Assessment Report (FAR); the upper side of the 
range of the Second Assessment Report (SAR); and approximately consistent with the Third 
Assessment Report (TAR).



Temperature Definitions
There are unfortunately, a number of temperature definitions in place. The following table deals 
with the main standards in use.46

Time Period Global  Mean 
Surface 
Temperature 

Level  above  Pre-
industrial temperature47

Where Used?

1750-1850 ~13.7 ~0 Stern review Impacts
EU '2C target'.

1861-1900' 13.7 0 Better  known  'pre-
industrial' temperature ?

1900 13.7 0.1 -
1901-1950 IPCC  AR4  WG1 

Comparing  model   with 
past

1961-1990 14 0.3 Temperature 
Anomalies;  AR4  WG1 
p6 SPM.3

1980-1999 14.2 0.5 IPCC  Future 
Predictions  & Impacts; 
e.g.  AR4  WG1  p14 
SPM.548

2000 14.45 0.75 Hansen (2006) '1C target'

Expected Transient Temperature Rise
The following graph (IPCC 2007a) shows the observed and predicted temperature rise over the 20th 

and 21st Centuries. Note that this shows transient temperature rather than the total temperature 
commitment. The yellow curve shows the temperature rises that would result if we kept GHG 
concentrations fixed at 2000 levels.

46 IPCC (2007), based on HadCRUT and GISS data sets. Compare IPCC Third Assessment Report (TAR) estimations, 
which estimates 2000 temperatures as 0.5 Celsius above 1750; and 1900 as 0.1 Celsius above 1750 (See Stern 
Review p58) 

47 Defined as the temperature between 1861-1900
48 AR4 WG1 Technical Summary p69 TS.26 uses 1990 temperature.



The Impacts of Climate Change
The degree of climate change is usually measured as the overall change in global temperatures 
relative to long term norms. Local temperatures may rise more than the global average since the 
land will warm faster than the oceans and polar regions will warm faster than the tropics. The 
effects of climate change  are very serious for both human civilization and the natural world, and 
include:

Heat waves, Droughts and Desertification
With climate change, there will be increased frequency of heat waves and droughts in already hot or 
dry areas. The tropics are likely to expand, meaning that the dry zones around North Africa and 
Mexico will spread north and in Southern Africa and Australia will move south, leading to large 
(over 30%) reductions in precipitation for the Mediterranean countries (Spain, Italy, Greece). 
Changes in precipitation and temperature lead to increased water and food stress, famine, refugees, 
and conflict.

Accelerated Ice Melt and Sea Level Rise
Sea level is likely to rise by between a few inches to a few metres over a century, in a slow but 
accelerating process. The melting of the Greenland or West Antarctic ice sheets over centuries 
would each raise the sea level by 6.5m each (13m in total), inundating many small islands and 
coastal cities such as London49.

Diseases
Increased disease frequency as malaria and other pathogens spread to other areas. It is possible that 
rapid changes in temperature patterns and the disruption of ecosystems could lead to the emergence 
of new diseases.

Degrading or Collapse of Ecosystems
There will be widespread changes in ecosystems including the collapse of the coral reefs (probably 
inevitable even with moderate climate change).

Carbon-Sink-to-Source Transition
Possible collapse of the Amazon Rainforest leading to further CO2 emissions. This is the land 
ecosystem with the greatest biodiversity and alone would constitute a Carbon cycle feedback of 
more than 100ppm of CO2 (Cox et al. 2000) (Met Office 2000)

Methane-Sink-to-Source Transition
There are already some reports (Pearce 2006) of release of methane from the frozen permafrost. It is 
possible that, for large rises, the massive stores of Methane Clathrate on the ocean bed might be 
released50. Such releases have been implicated in the Paleocene-Eocene Thermal Maximum (seen 
50 million years ago) and the end-Permian extinction in the so-called Clathrate gun hypothesis 
(Dickens et al. 1995), (Dickens et al. 1997), (Renssen et al. 2004).

Catastrophic 'Non-linear' Events
An increased temperature might cause the collapse of Global heat circulation system51. Completely 

49 If the East Antarctic ice sheet melted, the rise would be 84m; (this seems unlikely, although paleoclimatic evidence 
(Hansen et al. 2008) suggests that it is possible for CO2 concentrations of 550ppm or more).

50 Methane stocks at risk (Stern 2006):
• Permafrost & Wetlands 3000GtCO2 equivalent to 300ppm CO2e over a century or less
• Methane Hydrates: 3000GtCO2? equivalent to a further 300ppm CO2e

51 The flow of cold melt water from the Arctic may interrupt the 'gulf stream' part of the heat conveyor that transports 
energy from the tropics to temperate areas. This will cause Europe and in particular Northwest Europe to become 
locally much  (perhaps 5C) colder, and maybe to have a climate more similar to Newfoundland, Canada. Tropical 



unforeseen effects cannot be ruled out.

Acidification of Oceans 
In addition to the effect of carbon dioxide on global temperatures, it directly effects ocean pH, 
leading to serious effects on ocean micro-organisms for atmospheric concentrations of around 
550ppm CO2.

Quantifying Impacts
The impacts of climate change are described in (IPCC 2007b) and (e.g. Warren 2006). An excellent 
popular account based on 500 scientific papers is available (Lynas 2007) 52. The impacts and 
economic costs of climate change are also reviewed in the Stern Review (Stern 2006). 

Discussion: What is the Optimal Earth Temperature?
One of the interesting features of the universe we are in is that the value of fundamental constants in 
the  scientific laws that govern it appear in some sense 'just right' to create a complex and 
interesting universe. To the extent to which the laws of nature were different the universe might not 
work how it does now; or might not really work at all. The same appears to be true for life. Life as 
we know it depends for example on being able to create long chains of carbon atoms in molecules 

regions such as West Africa may become even warmer.
52 Lynas (2007) is not itself peer reviewed, but remarkable as a review of the peer-reviewed literature. A summary is 

available here http://tinyurl.com/cqbtrc   A review (Rahmstorf 2007) concludes that Lynas' reading of the scientific 
literature is largely accurate, although credible risks are sometimes made out to be certainties.

http://tinyurl.com/cqbtrc


essential for life, for example DNA. 

The same could be said about planet Earth and it's habitability. If the Earth were slightly further 
from the sun, it might have stayed forever frozen; a little closer and the water might have boiled, 
created a hothouse greenhouse effect and making complex life difficult. The earth's temperature can 
also be viewed as near-optimal for the plants and animals (including mankind) on it's surface.

From an objective perspective, it can be said that life has evolved and adapted within a particular 
environment. The transition from ape to modern man seems to have taken place mostly in Africa, 
over the last million years. After leaving Africa our ancestors hunted woolly mammoths to 
extinction, tens of thousands of years ago. Life has evolved to suit a particular environment and, as 
James Lovelock has pointed out, can be said to have influenced that environment in turn, for 
example by sequestering carbon dioxide from the atmosphere in the form of fossil fuels. Lovelock 
has recently argued that 'Gaia likes it cold' (Lovelock 2006) - biological temperature control 
mechanisms work better at a lower temperature.

Lovelock in addition argues that the earth regulates the temperature of the earth. One analogy he 
uses is 'Daisyworld'; such a world can regulate it's temperature. Biological and ecological systems 
however are quite different from simple physical or chemical systems. Typical of biological systems 
it may exhibit negative feedback up to some threshold, and positive feedback or catastrophic failure 
past this threshold.



Ethics and Economics
We have determined (section 1) that we need to reduce emissions down to approximately 7  
Gigatonnes of CO2 to stabilize at approximately current concentrations of CO2. But how fast should 
we or could we get down to this level?

Should We Do Anything About Climate Change?

• Firstly, a question about the significance of future climate changes. This question 'Does the 
weather really matter' - the social implications of climate change has been dealt with in 
detail (Burroughs 2001). Climate change affects the poor more than the rich; and the natural 
world even more than the human world.  

• Secondly, the questions as to whether we should care about them even if they do matter. 
Does the future matter?

• Thirdly, the significance of the natural world relative to human wants.

The best place to go for an overall review of the economics is still the Stern Review (Stern 2006), 
although the reader should be aware that the area of discount rates is not uncontroversial.

Here is a summary of what can be quantified and what cannot:
 

1. GDP losses from further climate change may amount to 5-20% of GDP (Stern 2006)
2. However, the 'insurance cost' of climate change may be dominant in our thinking: it may be 

rational to pay almost anything to insure against unbounded harm. (Weitzman 2008) 
(Weitzman 2007).

3. Stern doesn't include 'Societal Contingent Events' – Mass migration, water, food riots etc.
4. Societal change (is the response of society fragile – Easter Island, Sudan, etc. or robust?) 

(Diamond 2005)
5. Unexpected events – 'unknown unknowns' may not be taken into account (Diseases, weather 

etc.) 
6. If we have to pump it out - it might be possible but it will cost us - $500/tC? ($130/tCO2?) 

(Keith et al. 2006).  Will anyone pay?

An interesting discussion of the ethical aspects of the Stern Review is available in Jaeger et al. 
(2008):

“The Review has compared climate change to experiences of suffering like 
World War I. That war, however, hardly affected global GDP. The long-term 
damages to be expected from business-as-usual greenhouse gas emissions 
include loss of the coastal cities of the world over the next millennia. This 
would be an act of unprecedented barbarism, regardless of whether it would 
slow down economic growth or perhaps even accelerate it. Business leaders 
worried about climate change need to pay attention to the tensions between 
ethical and economic concerns.”



Global Warming Commitment53

Impacts

53 Temperature commitment adopted from IPCC (2001) . Impacts from IPCC (2007b)



Discussion
“THE THINKING DISTANCE, BRAKING DISTANCE AND OVERALL STOPPING DISTANCE”

Climate change is a particularly difficult problem to 
solve. Usually, when society is faced with a serious 
problem, there will be people who have been seriously 
affected or damaged by the problem, and they will 
demand redress and reform. In the case of climate 
change, we have to think ahead to the most serious 
damages happening in the future. There is a lag of as 50 
or 100 years between our policy or personal actions now 
and the  full impacts and consequences of those actions. 

It is a bit like the situation faced by drivers on a road. 
When we learn to drive, we are taught that there is a 
'stopping distance'; it takes time to react to a stationary 
hazard and then further time for the car to stop. When 
faced with a stationary hazard ahead of us, it is not 
enough to wait until the car becomes damaged as it hits 
the stationary object; we have to look ahead. It's exactly the same with climate change.54 

Thinking, Breaking & Stopping Distance for a Normal Car. Climate change has many lags which  
mean that we have to look ahead, quantifying the risks and timings to avoid serious danger.

54 One of these reasons is the lag between changes to policy, which affect investment, the cumulative effect of 
investment affects emissions, the cumulative emissions affects the concentration of greenhouse gases in the 
atmosphere, and the concentration of greenhouse gases affects the cumulative temperature. Temperature takes time 
to adjust to any given concentration due to the thermal inertia of the oceans, and this raised temperature will lead to 
increased humidity and further increases in temperature. A higher temperature will lead to further increases in 
carbon and other greenhouse gases:
1. The main measure to deal with climate change are policy interventions such as carbon taxes and regulations 

(T). (Change in level of the accelerator). A constant escalation in policy is an averaged representation of 
multiple policy uncertainties and inertia.

2. Aggregate climate policy (e.g. carbon prices) (P) represents the cumulative effect of these interventions or 
tightening caps P=int(T). The level of Carbon Prices is related to the net increase or reduction in polluting 
assets (including the investments of lifestyle change).

3. The accumulation of investment decisions will affect the level of emissions(E)=int(I) (Speed) 
4. The accumulation of emissions that determines the future or final concentration of greenhouse gases C=Int(E) 

in the atmosphere (Distance) 
5. The level of greenhouse gases (which we hope will stabilize) determines the planetary heat imbalance. 

However, it takes time for the temperature to adjust, due to the thermal inertia  of the oceans. 
6. As the temperature increases, the humidity of the atmosphere will also increase. This will further increase the 

temperature (this is known as a 'fast feedback'). 
7. As the temperature further increases, the increased temperature will melt ice, and release stored carbon from 

the biosphere over a time-scale of a century or so (this is known as a 'slow feedback'). 



Since the majority of the human impact and consequent political pressure will not take place until it 
is too late to avoid them; we need to find ways to think ahead and predict the future. In the case of 
the car, we look ahead and see the future; and we know individually from training or experience 
that we have to stop the car. However, collectively thinking ahead may be more difficult in novel 
situations; we may mostly look at what other people are doing; that leads to a collective 'tipping 
point' which will come when people start to take a problem seriously.

Certain groups in our society are able to look ahead with vision; the people building great 
infrastructure projects such as the sewers of London for example; others perceive dangers before 
others (e.g. Churchill warned about the dangers of Hitler in the 1930s). Risk management can be 
dealt with by regulation or by strategic institutions in our society. The people who maintain our 
defence forces are defend us against foreseeable future risks. We need robust global defence against 
climate change; and the best form of defence is to avoid the problem altogether.

The difference in perspective between those who look ahead and those who do not may explain why 
there often appears so much shrillness in the debate over climate change, especially in the United 
States. Self-styled climate 'sceptics' argue that the evidence for existing climate change is limited 
and does not justify the rhetoric of  'a state of planetary emergency' (Gore). Few people, at least in 
the United States are seem to be affected directly to the level that justifies such a public outcry. 
Some even refuse to accept that we live on a planet kept warm by a greenhouse effect driven by 
carbon dioxide and a few other gases; and that by emitting the gases at current or increased levels, 
the global temperature will rise.

Many scientists and those who cross disciplines, by contrast, are asking a different question: what 
do we need to do now to avoid an unacceptably high risk of very damaging future changes to the 
climate? Trial and inevitable error is an unacceptable approach when there is no second planet to 
live on: if we mess up, we are stuffed. We need to understand the structure of the world and the 
future choices available to us and so take avoiding action in time. 

We need to understand the capabilities of the planetary vehicle we are in; and take avoiding action 
to clear and present dangers facing us on the road ahead. Although dangers can sometimes seem far 
off, we also need to take account of the fantastic speed we are travelling.
 
With foresight and a bit of luck we can probably avoid the most serious impacts and risks of climate 
change. To do so, policies to drive a move to a zero carbon society need to be implemented soon 
across the world: in the next UK parliament, and with the new United States administration.



Conclusions
It is well known that the temperature of Earth is significantly (IPCC 2007a, p.516) warmer than it 
would otherwise be, due to a 'greenhouse effect' driven by Carbon Dioxide (CO2) and other so 
called greenhouse gases(GHGs); a warming that is amplified by water vapour. Humans are now 
emitting carbon dioxide from burning fossil fuels, industrial and agricultural process and land use 
change, at a rate about seven times faster than the oceans absorb it (see chapter 1). 

The atmospheric concentration of CO2 is now higher than any time in the last 720,000 years 
(Augustin et al. 2004), and probably the last 22 million years (Cox et al. 2000). The concentration 
of other greenhouse gases is similarly elevated. In addition to the warming effect of CO2 in the 
atmosphere, the flow of carbon dioxide into the upper oceans is decreasing the alkalinity of the 
oceans, (an effect known as 'ocean acidification'), with potential effects on ocean ecosystems the 
food chain. 

There is strong evidence that the Earth’s surface has been warming up (including surface 
temperature records and the observation of glaciers worldwide (IPCC 2007a)). So far, the global 
temperature has risen by about 0.75°C above the long run average(IPCC 2007a; Chapter 3; Page 
237). The latest report from the International Panel on Climate Change, summed up the global 
picture of observations in uncharacteristically bold language, asserting that “warming is 
unequivocal”.55

Over the next century, global temperatures are likely to increase by an average of a further 1.5-6°C 
according to the collection of models assembled by the (IPCC 2007a) although the rise could be 
larger with positive feedbacks of various types (Cox et al. 2000) (Pope 2008). There is a lag of 
many decades between human behaviour and infrastructure, and the full impacts of that behaviour 
and infrastructure.

To avoid 'dangerous' climate change (which has been defined as a rise of more than 2ºC above the 
pre-industrial), we must take immediate action to convert to a near-zero emissions economy 
(chapter 2), with a 90% reduction in developed countries' carbon dioxide emissions by 203056. If the 
UK took the necessary actions now, they could be widely copied in other parts of the world, such as 
the rest of Europe, North America, China, and India. I will argue later in this book that it is feasible 
to move quickly to a zero-carbon economy and that the required investment would have economic 
benefits, but it will require large changes in government policy57.
 

55 Having said that, certain parts of the world have been warm relative to long term norms in the recent past (e.g. the 
northern polar region around 1940; parts of the world in the medieval warm period) and not all of the world is 
warming consistently (Antarctica shows little trend warming for example, mostly due to effects associated with the 
ozone hole and wind). Nevertheless the overall pattern of warming world wide is extremely rapid and is broadly 
consistent with what could be expected from the anthropogenic and natural forcings.

56 See chapter 2 and 3
57 See chapter 3



Further Reading
• IPCC - Fourth Assessment Report (AR4) – Synthesis Report: http://tinyurl.com/2b6q2m 
• Sir John Houghton – “Global Warming the Complete Briefing”
• David Archer – “Global Warming: Understanding the Forecast”
• Sir David King – “The Hot Topic”
• Mark Lynas – “Six Degrees”
• William James Burroughs – “Climate Change a Multidisciplinary Approach”
• Robinson and Sellers - “Contemporary Climatology”
• Tim Flannery - “The Weather Makers”
• James Garvey - “The Ethics of Climate Change”
• William James Burroughs - “Does the Weather Really Matter?”

http://tinyurl.com/2b6q2m
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PRINCIPLES TO DETERMINE GLOBAL AND NATIONAL 
EMISSIONS REDUCTION TARGETS58

“It is the mark of an educated man to look for precision in each class of things just so far as the  
nature of the subject admits” […] “To the youthful and to the morally incontinent, knowledge [of  

ethics and political science] brings no profit; but to those who desire and act in accordance with a  
rational principle, knowledge of such matters will be of great benefit.” 

– Aristotle59

58 Author: Stephen Stretton <stephen@stephenstretton.org.uk> Last Updated: 10th March 2010
59 (1980, p.4)



“Actions speak louder than words”  
– Traditional proverb

How fast do we need to reduce our greenhouse emissions for a secure future? Targets for 
reductions in greenhouse gas emissions are derived, consistent with a fair chance of avoiding 
dangerous climate change. Specifically, targets that imply a maximum 50% chance of global 
temperature rises exceeding 2 Celsius above the pre-industrial level are recommended60. A 
methodology is proposed for translating between a global target and a national target, based 
on diffusion of climate change policy and low-carbon technologies.

60 As agreed by the European Union and many countries worldwide (UNFCCC 2009).
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Emissions Targets61

What Are Emissions Targets?

Emissions targets specify the intended future trajectory or cumulative budget of emissions of 
greenhouse gases. Emissions targets may be set at a global level, or at the scale of a political unit 
such as the nation state. Targets are intended to guide policy and provide a greater degree of 
certainty over future direction.

61 For example, in the 2009 G8 summit in Aquila, Italy, the leaders gathered there backed:
•  A 50% reduction in global emissions by 2050 (CNN 2009)
•  “A broad scientific view that global warming should be limited to below 2 Celsius above pre-industrial times” 

(Reuters 2009)



Static and Cumulative Targets

The purpose of setting targets for reducing global CO2 (eq.) emissions is to comply with two goals. 
First there is the need to stop global warming by preventing the relentless rise of greenhouse gases. 
But stopping global warming by an agreed date is insufficient; it is even more important to keep the 
warming below a limit on dangerous anthropogenic interference in the climate system and this 
depends on the accumulated emissions of CO2(eq) i.e. the area under the emissions versus time 
graph.

Enforcement of Targets

Targets can be rigidly enforced, approximately enforced or not enforced at all. Approximately 
enforced targets can be as often over achieved as underachieved. For example, many central banks 
have the inflation rate as a target and the interest rate as the tool to achieve that target. In the same 
way, climate change targets could be enforced (rigidly) by an upstream emissions permits system or 
by a carbon tax that is gradually adjusted to meet the target (a 'tax-to-target' scheme). 

Dangers of Targets

Some targets have their dangers and we need to be careful to avoid them. In this case the danger is 
that the target could lead to complacency and perhaps place a barrier between policy and the 
research which lies behind it. This is particularly important in the case of global warming because 
the risks of getting it wrong are so great.  Targets can also be a substitute for meaningful action. 
Governments set a target so as to be seen to be doing something; then often ignore it and then 
readjust the target; perhaps making future targets stronger. Targets are not enough. Real policy 
changes affecting the real economy are required. However, we still need to know approximately on 
what time scale and what sort of action is required.

Adaptive Targets

Targets are inevitably a balance between what is necessary to prevent climate change and what is 
possible in a modern society. But we don't know in advance either what is necessary or what is 
possible. If we try to stick to targets too rigidly, we may lack the flexibility to abate emissions fast if 
it turns out to be easy or if climate change turns out worse than expected. We may need policy that 
allows us to overachieve on our targets. When dealing with the real political battle of climate 
change, we should take note that the benefits of tackling climate change accrue on a global basis, 
whereas the costs of tackling climate change exist on a national level. Here we assess what is 
necessary on a global scale and then we assess what that would mean from a national perspective, 
and finally whether such targets are technically and economically feasible on a national scale.

Methodologies for Determining Targets
Emissions targets are in principle a balance between two factors: 

• firstly, the risks and damages associated with climate change, some of which we could avoid 
by rapid emissions reductions;

• second, the costs or benefits and technical feasibility of reducing emissions at different rates.
There are three sorts of justification that we could bring to bear:

A) An analysis based purely on climate science deriving a required emissions reductions rate to 
avoid dangerous climate change, or to keep damages below a certain, critical level.

B) An analysis based on the expected capability of the economy to reduce emissions, deriving a 
possible emissions reduction rate;

C) A mixed analysis that balances both the expected behaviour of the climate and the expected 
capability of the economy. 



In the next two sections, I will consider two possible approaches to balancing the costs and benefits 
of action, cost-benefit analysis and risk analysis.
Cost-Benefit Analysis
The main tool used by economists to evaluate public policy is Cost-benefit analysis (CBA). Cost-
benefit analysis assesses both the costs and the benefits of a proposed policy. Costs and benefits are 
measured in terms of welfare, which itself can be defined as the gain expected from a project.

Cost benefit analysis implies a certain decision rule. If the (risk-adjusted) expected benefits of 
proposed project or policy exceeds the costs, the economist's recommendation would be that the 
policy or investment should go ahead; if the (risk-adjusted) costs exceed the benefits, the 
economist's recommendation would be that policy or investment should not go ahead62. 

The theoretical foundation for cost-benefit analysis is outlined in Dasgupta (2001).The CBA 
decision rule is formally equivalent to the criteria that a project or policy increases wealth, where 
wealth is defined as the social value of capital assets. This can be compared to the decision rule of a 
company which is whether a project makes a profit, which is to say increases the wealth of the 
company's owners, where wealth is defined as the private value of capital assets, plus any cash or 
financial claims on others. Cost-benefit analysis for the policy maker63 is equivalent to a financial 
assessment of expected addition to profit or loss of a project a company, but with social values 
rather than  private values considered. So in summary the CBA decision rule is simply to go ahead 
if our societal valuation for something is positive. CBA merely shifts the frame of decision making 
into the realm of social valuation. But determining social valuation is no mean feat.

The Stern review contains the most serious form of CBA. The Stern review suggested that we 
should pay approximately 3% of GDP in order to achive benefits valued at 5-20% of GDP. As such 
it recommended emissions reductions consistent with stabilizing greenhouse gas concentrations in 
the range 450-550ppmCO2

e (400-490ppmCO2), and a price on carbon of $85/tCO2. 
Difficulties With Cost-Benefit Analysis
There are the following major questions about cost-benefit analysis, specifically in the context of 
the Stern Review:

• The lack of a global government and therefore the importance of the benefits and most 
importantly, the costs of climate change action to individual agents.

• The appropriate discount rate to use
• The appropriate way to value the risk of catastrophic events

For a review of further questions see 

Collective Moral Incontinence and Anarchy at the Global Level

Cost-benefit analysis typically assumes that there is a state able to enforce its will. But the problem 
of climate change is a collective action problem. Nevertheless, even without a global government, it 
might still possible to set up cost-benefit analysis as a global ethical analysis as to whether the 
world should tackle climate change. For more details see Gardiner (2006).

The Discount Rate

The question as to the appropriate discount rate appears to be an open one, with fundamental 
disagreements between economists and between philosophers. Whilst Stern's choice of a low 
discount rate could be justified on utilitarian or Kantian ethical grounds, economists or Humean 
ethicists might choose a different assumption. It seems that deciding over a discount rate is one of 
the most important factors governing the outcome of our cost benefit analysis. Economists have 
criticised Stern's analysis on relying on the choice of a low discount rate in order to justify action. 

62 For a review of Cost-Benefit analysis is available in Perman et al. (2003)
63 Assuming such an individual exists.



However, there is a factor which dominates the discount rate: the question of risk. A discussion of 
the discount rate issue see 

Valuing the Risk of Catastrophic Events

Weitzmann (2007) argues that Stern is “correct but for the wrong reasons”, In particular, he argues 
that the benefit of tackling climate change is dominated by the benefit of a reduced probability of 
catastrophic climate change. Weitzmann therefore cautions against over-reliance on cost-benefit 
analysis. Work since the Stern review suggested that, in a risk based framework with risk aversion, 
the benefit of tackling climate change may be dominated by the risk avoided (Weitzman 2008). 
Whilst the assumptions in the Stern review, especially over discount rate, have been questioned by 
many, Weitzmann's approach has suffered far less criticism and has been endorsed by many on 
either side of the discuount rate debate.

We will later find that the risks of dangerous climate change, even under stringent mitigation 
measures, are higher that we would hope. Consideration of the numbers involved can give us an 
assessment of the increase in risk for a certain emissions path. Whilst we may not be able to 
eliminate risk, we may be able to value the reduction in risk.
Assumptions
A final difficulty with using cost-benefit analysis is the clarity of the assumptions used. The concern 
that CBA has not achieved polticial legitimacy. We will then consider the question 'how fast is 
needed to avoid the most serious risks' and 'how fast is possible, given the economic and political 
needs'.

This has the advantage that 192 countries under the United Nations Framework Convention on 
Climage Change, have agreed to stabilize greenhouse gas concentrations avoiding dangerous 
anthropogenic interference in the climate system. Instead of bringing a whole set of unclear 
assumptions to bear on the problem we will assess the targets which seem to appear necessary to 
avoid dangerous climate change and then see what appears to be possible in a modern market 
economy. By assessing what is necessary to avoid dangerous climate change and then assessing 
what appears possible, we will come to a reflective conclusion as to the correct target to be put in 
place.

After determining the global target, we will attempt to attribute this to individual nation states. It is 
vital not to lose sight of the global picture while considering national targets. The global aims must 
be to avoid Dangerous Anthropogenic Interference (DAI) caused by global warming and also to 
limit the “acid ocean effect” caused by the solution of carbon dioxide (CO2) in sea water. The EU’s 
working definition of DAI is any warming above 2 degrees Celsius compared to pre-industrial 
(1750) levels. We have already used up about 0.8 deg. C of that with about 0.6degs.C committed 
warming in the pipeline (independent of additional emissions). It's necessary to fully link our 
emissions target trajectories to the impacts of climate change.



What is Necessary for a Fair Chance of 'Avoiding Dangerous Climate  
Change'?

The emission of greenhouse gases on the current scale is a clear and present danger to the future of 
life on this planet. A stabilization target and approximate descent path for global greenhouse 
concentrations should be agreed in accordance with the following principles:

1: Stabilizing Greenhouse Gas Concentrations

It should comply with the UN Framework Convention on Climate Change (U.N. 1992) overall 
objective to stabilize greenhouse gas concentrations.

2: Avoiding 'Dangerous Climate Change'

As also agreed at the summit, the target should also avoid 'dangerous anthropogenic interference' 
with the global atmosphere ('avoiding dangerous climate change'). Even if there is some uncertainty 
about the science, if we can, we should surely act to cut GHG emissions, as no harm will probably 
be done if its a bit unnecessary and hopefully good will be done if it is.

3: Definition of 'Dangerous Climate Change': 2oC above pre-industrial temperatures

Many scientists suggest (e.g. see (Schnellnhuber & Cramer 2006)) that rises in global temperatures 
should be limited to 2 Celsius above the pre-industrial level. This target has been adopted by the 
European Union (European Commission 2005).

Note that Hansen et al. (Hansen et al. 2006) argues that dangerous climate change is an increase in 
temperatures of 1oC above 2000 levels or 1.8oC above pre-industrial levels64.

For the time being we define dangerous climate change as a temperature rise of 2oC above 
pre-industrial levels consistently with the EU definition. 

4: Target Probability of Avoiding Dangerous Climate Change

Since climate science involves multiple uncertainties it is not enough to decide upon a target; we 
also need a target probability of achieving those goals. However, the lack of a politically defined 
target probability for achieving the two Celsius target means that 

5: Stabilization Level of Global Greenhouse Gases

The Stern Review recommended stabilization of all greenhouse gas emissions in the range of 450-
550ppm CO2 equivalent. CO2 alone needs to be stabilized at or below 450ppm. 

Hansen now suggests that we have passed what constitutes a dangerous concentration of CO2 in the 
atmosphere. He suggests that we now need to return to 350ppmCO2

only.65 

Many climate scientists have also argued for the notion of cumulative targets in regard to 
350ppmCO2e (Carbon Dioxide Equivalent) 400ppmCO2e or 450ppmCO2e. The final concentration 
depends heavily on the path taken and not just the final point.

6: Target Reduction in Global Greenhouse Gas Emissions66

We have already determined that if we are to stabilize greenhouse gas concentrations, then we will 

64 This is the maximum at the last interglacial – any higher and we risk 'seeding irreversible effects'. 
65 Others (e.g. see Joslin 2009, forthcoming) suggest that to avoid the planet 'cooking', returning to pre-industrial levels 

180-280ppm  CO2 would be a better bet.
66 With other greenhouse gases in net balance, so that the difference between CO2 forcing and total forcing is 

approximately equal to the present level.



need to reduce greenhouse gas emissions (to be precise, to less than 7 Gigatonnes of CO2 per year). 
This is an 85% reduction in current total global greenhouse gas emissions. To stabilize carbon 
dioxide concentration, this needs to fall below 7 Gigatonnes per year. To stabilize total radiative 
forcing, other greenhouse gas concentrations also need to stabilize; and so emissions must fall to the 
overall rate of deposition in the oceans. The IPCC think we need to do this by 2050. I will argue a 
little later that we should act more rapidly.(Anderson & Bows 2008)

The G8 communiqué mentions the EU and Japanese target to reduce greenhouse gas emissions by 
at least 50% by 2050. The UK target needs to be consistent with this goal.

7. Cumulative Target

There is a danger associated with having a single simplistic target where more than one is needed. 
Consider for example a motorist who finds that his accelerator jams at a high level just when he 
sees a cliff in front of him. His speed is 30 metres per second and the barrier is 600 metres away. 
Someone advises him to set a target of stopping within 16 seconds during which he has to free his 
accelerator and apply the brakes. The fault here is that the target mentions the final speed (zero) and 
the time, but not the distance travelled which is equal to the area under the speed versus time graph. 
That distance must be less than 600 metres. If there is any delay in taking action it may be possible 
(in theory) to meet the target but not to avoid the wall. It must be of some concern that the 60% 
target for carbon dioxide emissions fails to mention the accumulation of carbon dioxide which will 
be produced between now and the target date. 
To achieve at a maximum 50% chance of keeping global temperature rises below two degrees  
Celsius above the pre-industrial level, global cumulative emissions of CO2 for the 21st Century 
remain below 1 trillion tonnes of CO2. 30% of the budget has already been used up, leaving 600  
billion tonnes left.



Deriving a National Target
In addition to global targets, it may also be useful to consider national targets67. 
In order to translate between global targets and national targets we need to use some principle to 
translate between the two. The Royal Commission on Environmental Pollution report (Royal 
Commission on Environmental Pollution 2000) recommended the use of the principles of 
‘Contraction and Convergence’ developed by Aubrey Mayer of the Global Commons Institute 
(Mayer n.d.). By assuming a date where all global emissions converge, the model assumes that the 
whole world converges to a single per-capita level of emissions.68 Under these assumptions it is also 
possible to derive a global emissions target. Sicne the RCEP report, C&C has become the de-facto 
standard for translating between a global and a national targets.69

Convergence: Why?

We divide the world into leaders, and followers. 
• Leaders reduce emissions relatively fast. If we wish a 'mean response' to climate change to 

fit the 'contraction and convergence' model, then the leader's response must be to cut 
emissions faster than the model suggests.

• Follower will reduce CO2 once it is shown that it is not too politically or technologically 
difficult to do so or will need to be shown that it is in their selfish interests to reduce 
emissions.70

67 National targets allow us to relate the overall requirements to reduce greenhouse gas emissions to the scales at which 
the most significant political activity is primarily located, the national scale. In order to do this, we need an 
'allocation principle'. One commonly used such principle, known as 'contraction and convergence'.

68 What is contraction and convergence (C&C)?
C&C is a set of principles for distributing emissions rights amongst countries around the world. C&C suggests that 
a) global emissions should be reduced to the levels necessary to stabilise global greenhouse gas concentrations 

(contraction).
b) rights to emit greenhouse gases should be allocated on a per capita basis. Over time, the amount allocated per person 

should smoothly move from current levels to an equal per-capita level (convergence).
c) if a country emits more than it's allocated quota, that country would need to buy permits from those countries who 

emit less than their allocated quotas.

Contraction
Contraction Path is a smooth graph consistent with this set of 5 parameters:

• Existing emissions
• Convergence level of global emissions 
• Cumulative Emissions between now and then
• Existing rate of change
• Rate of change at convergence point

This defines a global contraction path.
It is not just the contraction path that is relevant, it is also the cumulative emissions between now and the convergence 

point.

Convergence
Global emissions are planned to converge at a particular date in the future. UK smoothly transits from the current level 

of emissions to a fair share of global emissions. 
69 The system of contraction and convergence outlined by Mayer requires five different parameters. It is possible to 

considerably simplify this system as follows, in order to allocate a cumulative budget for example for the 21st 

century, for example by allocating the global budget according to existing emissions. Using this system it is possible 
to give back of the envelope calculations of the permitted budget.

There are two problems with this approach: 
1. It implicity assumes convergence to zero, a possibly unrealistic assumption
2. It is unfair on countries with low existing emissions.

70 A potential criticism to this classification is that countries are not represented by a 'representative country'. In the 
real world, some countries might actually need to increase their emissions to reach a 'contraction and convergence' 
level. These countries can arguably converge more rapidly than currently expected. This criticism is not valid 



Leaders set a ethical and technical model that others might follow  ethically & diplomatically. 
Collective effort will be less than that of the leading nation (this is mathematically true if we define 
the leading nation as that with the steepest descent path) There is some evidence for copycat 
behaviour in international politics. Bans on smoking in public places, first taken up in countries 
such as Ireland, spread across Europe. Peer pressure and the need not to be 'left behind' in a new 
trend may be motivating factors. When faced with a question with an unknown answer, especially 
one such as 'what should I do', looking at what other people are doing is often a key piece of 
evidence. People are cautious of the new; demonstrating a new way of doing things may lead to 
people copying it. What is a reasonable lag between the leaders of the pack and the laggards? We 
suggest that the leaders would reduce emissions 10-15 years before the average country, and 20-30 
years before the laggards. When calculating the emission reduction needed to make a particular 
concentration target, we must account for this lag too.

The idea of leaders and laggards reframes our questions of urgecnt. One suggestion is that we 
should set 2050 as a target for achieving this target, nevertheless this is the target for the whole 
world. Certain countries may wish to see themselves as 'leaders'; for these it is necessary to cut 
emissions more rapidly than the target suggested by 'contraction and convergence'. For any given 
reduction in emissions, to achieve a certain stabilization level, leading nations may need to reduce 
their emissions faster than required by 'contraction and convergence' if the world in aggregate is to 
achieve stabilization at any given level of greenhouse gases. The lag between the leader and the 
laggard might be as much as 20-30 years. 

Convergence: When?

It is questionable how realistic is the assumption that the whole world converges on a particular per-
capita emissions level at a single date. Economic convergence, unlike ideal convergence, is likely to 
be highly imperfect. Far from suggesting that sharp cuts are impossible, political realism in fact 
suggests that we need to make cuts faster to take account of the lag involved in adoption of these 
technological-economic model in other parts of the world. If the developed world does not act 
rapidly, it will lose the 'leading role' in technology entirely.

The above analysis assumes that other countries will converge on emissions in a complete and 
equitable fashion. An alternative assumption is that some countries (particularly the developing 
world) will 'wait and see' for the developed world to introduce non-CO2 dependent way of life, 
before doing so themselves. In this, more pessimistic view, global emissions will only converge on 
that of a 'climate leader' after some delay. It may be necessary for the UK to 'show the way' early, to 
avoid locking in a large amount of CO2-intensive infrastructure in China and similar countries. Our 
emissions have been compared (Flannery, 2006) to the development of cancer in the human body: 
they may reach a stage where it is simply not possible to turn it around. 

An alternative proposal is for translating between a global cumulative budget and a national 
emissions budget is developed here:

1. Define the cumulative budget. Subtract any emissions prior to the date where contraction is 
expected to commence. Equals the remaining cumulative budget.

2. Define the global floor emissions; Allocate floor emissions on an equal per capita basis for 
the whole period. This constitutes the floor emissions. 

3. Subtract the floor emissions from the remaining cumulative budget. The remaining 
emissions are the convergence emissions, allocated according to existing budget

4. Allocate the convergence emissions as follows: 
1. Determine the proportion x of total emissions covered by the leader levels 
2. Define the convergence time from the total budget by assuming a linear reduction from 

because emissions and potential emissions are rising very rapidly in the developing world. It may be just as difficult 
for these countries to reduce the rate of growth than for developed countries to reduce their emissions in absolute 
terms. 



current levels
3. Assume that leader nations will immediately reduce emissions whereas follower nations 

will immediately stop the increase their emissions, but will only start to decline once the 
leader nations have reached their core emissions.

4. The leader's convergence time would then be x*total convergence time.



Feasibility of Rapid Cuts in Emissions: What is Reasonable?
In the light of the above, it might be that engineering principles might be used. One such principle, 
used to regulate radioactive emissions, is known as “As Low As Reasonably Achievable” (or 
“ALARA”). We might augment this with “As Quickly As Possible” (AQAP). The question is: what 
is reasonable? 

Time scales consistent with carbon-intensive infrastructure renewal

We can get some idea from the lifetime of typical large-scale infrastructure of one to a few decades 
(Stern 2006). In the UK and similar countries, many large power stations are over half way through 
their lives; which suggests a complete renewal in twenty or so years is not impossible if we start 
building now. Much large scale infrastructure (power stations, railway rolling stock, buses) require 
renewal over a time scale of 10-30 years. A rapid decarbonization target would, in effect, outlaw the 
creation of new carbon-intensive infrastructure.

Time scales consistent with historical examples

There are many historical examples of reductions in carbon emissions but many of them are 
associated with economic collapse (the Great Depression; the collapse of the USSR). A couple that 
are not are associated with changes in fuel mix in electricity generation: in particular, the 'dash for 
gas' in the United Kingdom, and the expansion of nuclear energy in France. A typical Frenchman 
emits around 6.5 tonnes of Carbon Dioxide per year; this can be compared to a German or a Brit, 
where the figure is 10 or 11 tonnes of CO2 per year. The task of climate change can be 
approximated as doing 3 or 4 times what France achieved; but working on a number of different 
fronts (e.g. including other forms of low-carbon energy, such as renewable energy, energy 
efficiency, electric cars). We will come to energy policy in later chapters.
Other historical examples of fast economic transformation include UK mobilization before WWII 
and US mobilization for WWII after Pearl Harbor; as well as the development of railways in 
England in the nineteenth Century and the development of mobile phones in the late twentieth 
century. Transformation of tax codes has happened in the 1980s.

Time scale consistent with non-delay of essential governmental decisions

With very rapid decarbonization, the government would be forced to treat the problem with a 
degree of urgency that is required at some point to solve the problem, since there would be literally 
no time to waste. Every year delay would, in effect, delay the outcome by one year.

Timescale consistent with the effect of carbon prices

The timing of emissions reductions appears a question that the market might presumably be able to 
determine. In order to find this out, the government could impose a relatively high carbon tax, and 
see what happens. There remains the question about what exactly is reasonable and relatively high. 
A useful marker might be the level in terms of carbon to the oil price jump from the early 2000s to 
2007.

Discussion

It is not known how fast it is possible to reduce emissions, even given a set of assumptions over 
what sort of governance structures are in force. It would therefore be useful to model the transition 
to a near-zero carbon society over twenty years, using commonly-used modelling tools (e.g. the 
Markal model used for the UK Energy Research Centre's Energy 2050 project). 



Conclusions
In the absence of global governance or 'burden sharing' structures, it is argued on three grounds, that 
emissions reductions for 'leader nations' in the developed world must be more rapid that those of the 
'follower' nations.

1. Some nations will be more committed to solving climate change than others; 
mathematically, the leader nations must reduce emissions more strongly, so that the average 
emissions reduction rate is consistent with the overall global target.

2. Most countries, it is argued, will have a 'wait and see' attitude: they will want to see that it is 
demonstrated that reducing emissions has low costs

3. The United Nations Framework Convention on Climate Change argues for 'common but 
differentiated responsibilities', usually taken to mean that the existing high emitters in the 
developed world must lead.

It is not known whether rapid decarbonization is possible (given background assumptions), and if 
so, the relevant costs. Because of this uncertainty, it might be sensible to find some mechanism to 
infer the information from the market. Although energy system costs are likely to be higher, there is 
also evidence of wider macroeconomic benefits to GDP and employment from rapid 
decarbonization strategies (Terry Barker & al. 2009; T. Barker & Jenkins 2007).

The stakes are very high. It should be noted that without this leadership, there is a much higher risk 
that the level of carbon-based infrastructure will be so high, that, far from reaching the 2 Celsius 
target, it may not be possible to stabilize greenhouse gas concentrations at all. 
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WHAT SHOULD NATIONAL EMISSIONS REDUCTION TARGETS 
BE?71

“It’s not enough that we do our best; sometimes we have to do what’s required” 
– Winston Churchill 72

What do the required stabilization paths and the principles of allocating emissions mean for 
national targets? The existing UK emissions targets as defined in the UK Climate Bill and 
draft US legislation are set out and the possible implications of such targets are outlined. The 
consequences of those targets – and of no targets at all – are considered.

71 Author: Stephen Stretton <stephen@stephenstretton.org.uk> Last Updated: 10th March 2010
72 (Wikiquote 2010; from Goodwin 2007)



Existing National Emissions Targets

UK

In order to prevent destabilization of the Earth’s biosphere it is necessary to stabilize greenhouse 
gas concentrations at safe levels, in a time-scale that avoids the most dangerous risks associated 
with climate change.  Long-term government targets, in conjunction with the necessary policy to 
achieve those targets, are important in achieving that goal. The UK government proposes a 80% 
reduction in UK CO2 emissions on 1990 levels by 2050 (from 600 million tonnes CO2 to 120million 
tonnes CO2 or from 10 tonnes to 2 tonnes CO2 per person per year). 

The UK Climate Change Act (UK Department for Environment Food and Rural Affairs (Defra) 
2008) sets out the concept of a climate change target and the concept of statutory budgets for carbon 
dioxide pollution . The UK Committee on Climate Change has recently published recommendations 
for the UK target at 2050 (UK Committee on Climate
 Change 2008)

The recommendations are as follows:
• A reduction in carbon dioxide emissions of 80% by 2050.
• A UK budget for the next three commitment periods as follows:

These were adopted by the government:

UK government targets for the first three budget periods

These proposed targets are comparable to the Committee on Climate Change recommended 
'interim' targets (targets to be adopted in the absence of international agreements to tackle climate 
change) and 'intended' budgets (see below). Source: (UK Committee on Climate Change 2008).

Actually the effective target is even less stringent since it excludes other greenhouse gases, the full 
warming effect of aviation, and entirely excludes international aviation and navigation and the 
energy embodied in imported manufactured goods.)

Consequences of Targets

Budget 1 (2008-12) Budget 2 (2013–17) Budget 3 (2018–22) 
Carbon budgets (MtCO2e) 3018 2782 2544

22 28 34
Traded sector (MtCO2e) 1233 1078 958

1785 1704 1559

  

Percentage reduction below 
1990 levels 

Non-traded sector (MtCO2e) 

Interim CO2 budget (MtCO2)
Budget 1 Budget 2 Budget 3

(2008-2012) (2013-2017) (2018-2022)
Traded sector 1233 1114 1011

Non-traded sector 1304 1235 1103
Total 2537 2349 2114

Intended CO2 budget (MtCO2)
Budget 1 Budget 2 Budget 3

(2008-2012) (2013-2017) (2018-2022)
Traded sector 1233 1009 800

Non-traded sector 1304 1201 989
Total 2537 2210 1789



We have now committed to approximately 2 degrees Celsius of warming73 . Every decade delay in 
reducing emissions increases our warming commitment by about 0.5 degrees Celsius74. Every 
decade therefore also increases significantly the risks of catastrophic change. We can sum up the 
approximate response to the following way.

• Action over 20 years to avoid 2C (optimistic about cooperative response)
◦ Action over 20 years in UK/EU to avoid 3C (realistic about cooperative response)

• Action over 40 years (current climate bill) will lead to at least 3C

Allocating Cumulative Targets According to Existing Emissions

Allocating According to existing emissions
Existing Emissions Budget
600MtCO2

UK 2% of world 3200MtCO2
Emisions Trajectory 50% by 2020; 90% reduction by 2030
That the UK should reduce emissions by around 90% by 2030.

73 The current radiative forcing from well mixed long-lived greenhouse gases is approximately equal to that expected 
to lead to a temperature increase of 2 Celsius above the pre-industrial level. IPCC scenarios envisage a rapid 
reduction to carbon balance by 2050 and a net drawing of carbon out of the atmosphere after that point.

74 0.35 in terms of directly committed radiative forcing increase, plus an estimated 0.15 degrees, to take account of the 



US

The United States is likely to institute a target of 80% reduction by 2050, but from a much higher 
base level of approximately 20 tonnes of Carbon Dioxide per person per year. This shows how 
misleading percentage reductions can be.

• The US government targets a reduction in greenhouse gas emissions of 80% by 2050. It does 
not include all greenhouse gases or international aviation;

• The US government should be congratulated on such a dramatic cut; nevertheless, it may not 
be enough..

Even if every country adopted this model of development, global greenhouse gas 
concentrations would continue to rise at the current rate reaching 550ppmCO2 only before 
2050. This corresponds to 610-690ppmv CO2 equivalent (all gases).

If everyone in the planet adopted the same per-capita limits, then we could stabilise global 
concentration of Carbon Dioxide at 550ppm Carbon Dioxide only, excluding other greenhouse 
gases, political lag, carbon dioxide positive feedbacks, methane positive feedbacks and social 
positive feedbacks (e.g. air conditioning demand).

• Collapse of the Amazon rainforest and other carbon cycle feedbacks might add 100-
200ppmv CO2e;

• Above 750ppmv CO2e there would be a 82% chance of exceeding 4 Celsius of warming 
using the latest estimates or a 47% chance of exceeding 5C, according to the most up-to-date 
Hadley centre research. 

• Methane (permafrost, wetlands and methane clathrate) feedbacks would add perhaps another 
300ppmv CO2e;

• Total greenhouse gas emissions would then reach 1100ppmv, equivalent to about 6 degrees 
of climate change - a level of increase widely regarded as catastrophic for human civilisation 
and the natural world; one of the most serious extinction events the planet has ever seen.75 
The eventual temperature rise suggested by this target is about six degrees, a level of 
increase widely regarded as catastrophic for human civilisation (Stern, Lynas).

The following table summarizes the author's estimate for the committed temperature rise of 
different emissions trajectories.

75 There is 3000GtCO2 Methane (Permafrost & Wetlands) according to the Stern review + adding 300ppm to the 
atmosphere. This would lead to concentration of greenhouse gases over 1000ppm or temperatures over 6 degrees 
more than the pre-industrial level. At this level of temperature, we suggest the situation is very likely to destabilise 
the methane clathrates in the Arctic Ocean. 



Conclusions
The current US and UK greenhouse gas targets are to be welcomed, but are not enough to avoid a 
world extinction on a scale last seen with the end of the dinosaurs. Even if we hit the target of 
reducing carbon dioxide pollution – and most other countries adopt a similar approach – the world 
could be committed to up to six degrees Celsius of climate change. 

The impacts would include the collapse of the Amazon rainforest and most of the world's fertile 
farmland turning to desert. Rising seas would flood major cities such as London, New York, 
Shanghai and Calcutta. It would lead to the extinction of most life on Earth.

If the US is to lead, it must lead much more strongly. Current targets are simply not enough. We 
need to avoid 2oC of climate change based on convergence to safe and fair equal per-capita 
emissions. This may mean a 90% reduction in all greenhouse gases by 2030 in the UK.

The proposed US target is a 80% reduction in the rate of pollution by 2050, to a rate of 4 tonnes of 
Carbon Dioxide per person per year (our current carbon footprint is 10 tonnes of Carbon Dioxide 
each). If everyone in the world adopted this rate of pollution (a principle often referred to as 
'contraction and convergence'), the level of Carbon Dioxide in the air should stabilize at double the 
pre-industrial level.

However, there are other gases which warm the planet, such as Methane. Including these, and 
making a rough estimate of the political lags, compromise, and slippage inevitable in global 
politics, the total effect is likely to be close to triple the pre-industrial level. The rise in global 
temperatures would then be as much as 4 or 5 degrees.

With only 3 degrees Celsius of climate change, the Amazon Rainforest would dry out, die and burn, 
releasing huge quantities of Carbon Dioxide into the atmosphere. The frozen bogs of Siberia are 
already starting to melt and this process would accelerate at releasing huge quantities of Methane 
into the atmosphere, a greenhouse gas 20 times more potent than Carbon Dioxide. 

With a rise of 4 or 5 degrees Celsius – double that at the poles –  we threaten to awake the 'sleeping 
giant', huge quantities methane trapped in a cage of ice on the Arctic ocean floor, accelerating 
global warming to a destructive crescendo.

Greenhouse gas concentrations could then reach four times pre-industrial levels, and the world 
would warm by at least 6 degrees, a level well understood to be effectively fatal for human 
civilization and the natural world.

We have seen carbon emissions on this sort of scale before: at the end of the Permian era methane 
releases were probably triggered by a super-volcano in an already warmed world. Life nearly died. 
The oceans turned anoxic – lacking oxygen and effectively dead –  and only one major land animal 
survived. 95% of species were made extinct. 

The US climate change targets need to be stronger and consistent with avoiding catastrophe. We 
need a 90% reduction in greenhouse gas emissions76. Most - if not all- of this reduction can and 
must be achieved by 2030. Only then will our children inherit a world without the imminent threat 
of global destruction.

76 A 10% year on year reduction in greenhouse gas concentrations. The 10/10 campaign argues for a 10% reduction in 
the year 2010, which would be consistent with this goal.
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